INTRODUCTION
In statistical gene mapping by means of linkage and/or linkage disequilibrium (LD) analysis, the inheritance pattern of any specific chromosomal position in a pedigree can be captured by an identity-by-descent (IBD) matrix (GORING et al. 2003) . The calculation of IBD matrices at putative Quantitative Trait Loci (QTL) positions in pedigrees is an important step in statistical QTL mapping using variance component models. For the estimation of IBD matrices, hidden Markov methods are generally used on pedigrees of small to moderate size LANDER 1995, 1998) . For a complex pedigree, WANG et al. (1995) presented a recursive approach to estimate IBD probabilities, which only utilizes single marker. ALMASY and BLANGERO (1998) used a regression approach, where the IBD states at the markers are used to calculate IBD probabilities at a given locus. However the regression coefficients used in the IBD calculation can be difficult to estimate in a complex pedigree.
For large pedigrees and large numbers of loci, Markov Chain Monte Carlo (MCMC) methods (SOBEL and LANG 1996; THOMPSON and HEATH 1999; SOBEL et al. 2001) were developed. However, MCMC methods can be very slow to converge, especially for data with dense markers, and convergence may be difficult to diagnose or may not be achieved (PONG-WONG et al. 2001) . PONG-WONG et al. (2001) presented a deterministic method, which is fast on large pedigrees with multiple loci, but it only uses partially reconstructed haplotypes.
To calculate IBD matrices efficiently for large pedigrees and large numbers of loci, here we propose an approximation method using a set of haplotype configurations on a pedigree with 5 high likelihoods, identified by a conditional enumeration haplotyping method (GAO et al. 2004; GAO and HOESCHELE 2005) . This method is compared with the MCMC method implemented in Loki (HEATH 1997; THOMPSON and HEATH 1999) based on QTL mapping performance in linkage analysis. The proposed method can incorporate LD information from historical recombinants, by allowing for nonzero IBD probabilities for founder alleles based on degree of similarity of the marker haplotypes surrounding the genome position in question GODDARD 2000, 2001) . In this article, we assume that all individuals in a pedigree have been genotyped for all markers. An extension to missing marker data is underway and will be reported in a subsequent contribution.
METHODS

Haplotype Reconstruction
In the Space of All Consistent Haplotype Configurations on a pedigree (SACHC), typically most configurations have very small probabilities so that only a relatively small subset of configurations is relevant. A consistent haplotype configuration is an assignment of haplotypes to all individuals in the pedigree, which is consistent with the observed genotype data and the pedigree structure. We previously presented a conditional enumeration haplotyping method based on conditional probabilities and likelihood computations to identify a subset of haplotype configurations with high conditional probabilities from SACHC (GAO et al. 2004; GAO and HOESCHELE 2005) . The conditional enumeration haplotyping method has been tested on published and simulated data sets and shown to be faster and provide more information than several existing stochastic and rule-based methods.
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In a pedigree, the combination of a specific individual and a specific marker locus is termed a person-marker. The genotypes of some person-markers in non-founders can be ordered by their parents' genotypes. Let U denote all remaining person-markers in a pedigree with unordered heterozygous genotype. Assume that the size of U is t. Reconstructing a haplotype configuration for the entire pedigree consists of assigning an ordered genotype to each person-marker in U. A set of t ordered genotypes assigned to the t person-markers in U is called a haplotype configuration for U.
Let {M 1 , M 2 , … , M t } be a specific order of the person-markers in U. Let m i denote an ordered genotype assigned to person-marker M i . The joint probability of a haplotype
set of these k person markers. If k is large (which happens only when a pedigree contains many uninformative full-or half-sib families), enumeration of all possible ordered genotype combinations at these k person-markers typically contributes little information to the IBD matrix estimation and to QTL mapping, but it increases the computing time substantially. Therefore, for IBD matrix calculation based on a limited number (say 2 s ) of haplotype configurations with high likelihood and when s < k, then after enumerating two ordered genotypes for s person-markers in U 0.5 we adjust λ from its initial value (e.g., 0.90) down to 0.5, so that only a single, randomly chosen ordered genotype is assigned to each of the remaining k -s person-markers in U 0.5 .
IBD Matrix Calculation
For a general pedigree, the IBD matrix at a specific genome location conditional on the observed data (D) is a weighted average of all IBD matrices, each conditional on a haplotype configuration in SACHC, where the weight of each configuration is the conditional probability of the configuration in SACHC. The IBD matrix conditional on the observed data (D) can be calculated by the expression (WANG et al. 1995; HOESCHELE 2003) For a specific haplotype configuration ω i , the corresponding IBD matrix at a putative QTL position, i ω Q , can be calculated by a deterministic, recursive method (PONG-WONG et al. 2001; SOBEL et al. 2001) . Suppose there are n individuals in a pedigree, identified with numbers 1,2, …, n, so that parents always have smaller numbers than their offspring. Let and t = m, p) (PONG-WONG et al. 2001; SOBEL et al. 2001) In linkage analysis, the IBD probabilities between the QTL alleles of any two founder haplotypes are assumed to be zero. For fine mapping using joint linkage disequilibrium and linkage analysis, linkage disequilibrium is incorporated via nonzero IBD probabilities for founder QTL alleles based on the degree of similarity of the marker haplotypes surrounding the genome position in question. We currently compute these IBD probabilities by a gene dropping method on a grid of putative QTL positions covering the entire genome or a chromosome region of interest (MACCLUER et al. 1986 , MEUWISSEN and GODDARD 2000 ).
In the gene dropping method, at any putative QTL position, it is assumed that a mutation occurred 
It is not easy to estimate T g and N e from the observed data. MEUWISSEN and GODDARD (2000) performed a simulation, which showed that using values of T g = 100 and N e = 100, when the true values of these parameters varied, provided estimates of QTL position that were equally or even more accurate than the estimates obtained by using the true values of T g and N e .
Therefore, we used the values of T g = 100 and N e = 100 in this study.
QTL Mapping
To evaluate the performance of the IBD matrix calculation method in QTL mapping, we use a two-step variance component method proposed by GEORGE et al. (2000) to estimate the QTL position and the variance parameters. When assume a single QTL present at a specific genome position, in matrix notation, the phenotypic records of a pedigree can be modeled by
where y is a vector of phenotypes, b is a vector of fixed effects, u is a vector of random polygenic effects, v is a vector of random QTL effects, e is a vector of residuals, X and Z are known incidence/covariate matrices for the effects in b and in u and v, respectively, and u, v, and e are assumed to be uncorrelated. The variance-covariance matrix of the phenotypes under
where A is the numerator relationship matrix, 
where b is the generalized least-square estimator of b. When no QTL is assumed to be segregating in the pedigree, the mixed linear model (5) reduces to the null hypothesis model with no QTL, or
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Given the IBD matrix G at a putative QTL position, parameters 2 u σ , 2 v σ , and 2 e σ can be estimated by maximizing the restricted log-likelihood using ASReml (GILMOUR et al 2002) under models (5) and (6). Let L 1 and L 0 denote the maximized log-likelihoods pertaining to models (5) and (6), respectively.
To test the presence of a QTL (H 1 ) against no QTL (H 0 ) in a chromosomal region of interest, the test statistic log LR = -2 (L 0 -L 1 ) is used. The asymptotic distribution of log LR under H 0 is not clear, because the null hypothesis places parameter 2 v σ on the boundary of its parameter space (STRAM and LEE 1994, GEORGE et al. 2000) . The distribution of log LR under H 0 is influenced by the chromosome segment length, the degree of missing marker data, and the distributional properties of the traits (GEORGE et al. 2000) .
When testing a single marker interval in linkage analysis, XU and ATCHLEY (1995) and GRIGNOLA et al. (1996a GRIGNOLA et al. ( , 1996b found that under H 0 the empirical distribution of log LR follows a χ 2 distribution with degrees of freedom between 1 and 2 for independent full-sib families and related or unrelated half-sib families, respectively. For testing the presence of a QTL in a chromosomal region, GEORGE et al. (2000) reported that the empirical distribution of log LR was close to a 2 1 χ distribution for simulated pedigrees with 500 individuals. For simplicity and computational efficiency, in this study, we used the 5% critical values of both χ to test for the presence of a QTL (H 1 ) against no QTL (H 0 ) in a chromosomal region of interest.
SIMULATION STUDY AND RESULTS
Comparison Between Our Method and a MCMC Method For Estimating IBD Matrices in Linkage Analysis
Following GEORGE et al. (2000), we used a two-step variance components method to perform QTL linkage analysis for 50 simulated pedigrees based on the ASReml software (GILMOUR et al. 2002) . We computed IBD matrices at each putative QTL position with our method as described above and with the MCMC method implemented in Loki (HEATH 1997; THOMPSON and HEATH 1999) , assuming zero IBD probabilities between any two founder QTL alleles. The calculation of IBD matrices with Loki and the subsequent variance components linkage analysis with ASReml for pedigrees have been extensively described and tested by GEORGE et al. (2000) .
Simulation of Pedigree Data for Linkage Analysis
Each simulated pedigree contained 33 founders (11 fathers and 22 mothers) and 7 generations of non-founders. Founder marker haplotypes were generated assuming Hardy-Weinberg equilibrium at each locus and linkage equilibrium between loci. Haplotypes for non-founders were simulated conditional on their parental haplotypes, assuming Haldane's no interference mapping function. The chromosomal region consisted of ten bi-allelic markers with allele frequency of 0.5 and distance between adjacent markers of 5cM. A bi-allelic QTL with allele frequency of 0.5 was located at position 22.5 cM (the mid-point between markers 5 and 6), and the QTL was additive and explained 10% of the trait variance. Each father had two spouses, and each full-sib family had three children. The size of the pedigrees ranged from 470 to 500. A total of 50 pedigrees were simulated. A set of 27 putative QTL positions (not at marker loci) was chosen across the chromosomal region of interest (see below).
Assuming no fixed effects, the phenotype of individual i was generated as
where u i , v i and e i were the polygenic effect, QTL effect, and residual of individual i, respectively. For founders, u i was drawn from the normal distribution N(0, 
and p Q was the Q allele frequency (FALCONER and MACKAY 1996; GEORGE et al. 2000) . 
Residuals were drawn from N(0,
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Results for Linkage Analysis
Figure 1 presents the average logLR profiles over the 50 replicated pedigrees, using IBD matrices calculated by Loki (100,000 iterations) and by our method with two sets of values for control parameters λ, α and n s (the size of the subset of haplotype configurations with high likelihoods used to calculate IBD matrices). Figure 1 shows that the three profiles are nearly identical.
Place Figure 1 here.
For each of the 50 pedigrees, we estimated the QTL position as the location with the highest log-likelihood among all 27 putative positions under model (5). Estimates of the variance components were the values maximizing the log-likelihood at this chosen QTL position. Table 1 presents means, standard deviations (SD) and mean-square errors (MSE) of the parameter estimates over 50 pedigrees using IBD matrices calculated by Loki and our method with the two sets of control parameter values (λ = 0.65, α = -0.3, and n s = 50; λ = 0.90, α = -1.0, and n s = 50). Table 1 provided less accurate estimates.
Place Table 1 here.
While the parameter estimates obtained with Loki and our method are very similar (Table1), and profiles obtained with the two methods are nearly identical (Figure1), the proposed method uses much less computing time than Loki in calculating IBD matrices. Table 2 presents the computing times of both methods for calculation of IBD matrices at the 27 putative QTL positions on a workstation with 2.00 GHz Intel Xeon CPU (1,047,546 kB RAM; Linux kernel
2.4.22).
Place Table 2 here.
To compare the power of QTL detection using our method and Loki, we tested for a single QTL in the chromosomal region of interest using the 5% critical values of the chi-square distributions with 1 and 2 degrees of freedom, 3.84 and 5.99. It is obvious from Figure 1 that there is essentially no difference in power between the two methods, but more detailed results are in Table 3 . Table 3 shows that the numbers of replicates with a type-II error (null hypothesis H 0 of no QTL not rejected), or with QTL identification in the k-th marker intervals to the left or right of the true interval (k = 0, 1, …, 4), are essentially the same for both methods.
Place Table 3 here.
Linkage analysis of a single, larger pedigree with larger number of linked loci
We simulated a pedigree of 1,024 individuals and 50 linked bi-allelic markers with allele frequency of 0.5 and inter-marker distance of 1cM. The pedigree had 60 founders (20 fathers and 40 mothers) and 16 generations of non-founders. A bi-allelic QTL with allele frequency of 0.5 was located at position 24.5cM (the mid-point between markers 25 and 26), and the QTL was additive and explained about 18% of the trait variance. Each father had two spouses, and each full-sib family had two children. The phenotypic data were simulated as described earlier.
We calculated IBD matrices at 49 putative QTL positions (mid-points of the marker intervals) using the proposed method and Loki. Using the proposed method with λ = 0.65, α = -0.3 and n s = 50, we obtained non-singular IBD matrices at the 49 positions with computing time of 39 minutes and 34 seconds. Figure 2 presents the corresponding logLR profile, which has a peak at 25.5cM, 1cM away from the true QTL position.
Estimation of the IBD matrices by using Loki with 100,000 iterations took 22 hours, 4 minutes and 34 seconds. However, all estimated IBD matrices were either singular or very close to singular and hence could not be inverted. Although singular matrices can be used for QTL mapping by the method of VISSCHER et al. (1999) , it is preferable to obtain non-singular estimates of IBD matrices if possible based on the observed data, because in our experience the singular estimates often result from executing Loki with an insufficient number of iterations, and increasing the number of iterations can lead to non-singular estimates. However, for very large pedigrees with large numbers of linked loci a sufficient increase in the number of iterations with Loki may not be computationally feasible.
Place Figure 2 here.
Effect of the Control Parameters of the Haplotyping Algorithm on QTL Mapping Accuracy
The results presented in Table 1 Place Table 4 here Table 4 shows that for both sets of values for λ and α, increasing n s from 50 to 1,000 produces essentially the same parameter estimates and likelihood ratios. In addition, for the same n s value, there is essentially no difference in parameter estimates and likelihood ratios for the two combinations of values of λ and α. However, either increasing n s or the absolute values of λ and α causes very substantial increases in computing time. were found for almost all of other simulated pedigrees.
Place Figure 3 here
Comparison Between Our Method and an Exact Method For Estimating IBD Probabilities in Small Pedigrees
To evaluate the performance of the new method for small pedigrees, we simulated 20 replicated pedigrees. Each pedigree has 15 individuals (including 3 founders, 1 father and 2 mothers) spanning 4 generations, and 10 linked bi-allelic markers with allele frequency of 0.5 and intermarker distance of 1cM. On average, each father had two spouses, and each full-sib family had two children. Let K(i, j) denote the position-specific kinship coefficient between individual i and j, at a putative QTL position, or 
IBD Matrix Calculation with Linkage Disequilibrium
In joint linkage and linkage disequilibrium mapping, for each of the n s haplotype configurations with high likelihoods used for IBD matrix calculation, the IBD sub-matrix of the founder haplotypes was calculated using the gene dropping method (MEUWISSEN and GODDARD 2000) , the IBD sub-matrices pertaining to founders and descendants and for descendants were calculated by the recursive method (PONG-WONG et al. 2001; SOBEL et al. 2001) , and the weighted average of the n s IBD matrices was obtained as described earlier. 
Simulation of Pedigrees with Linkage Disequilibrium
We assumed that a mutation happened 100 generations before entering each pedigree. We simulated 100 generations of an ancestral population as in MEUWISSEN and GODDARD (2000) . Each generation had an effective size of 100 with 50 males and 50 females. The simulated chromosomal region contained 20 bi-allelic markers with inter-marker distance 1cM, and a bi-allelic QTL located halfway (9.5cM) between markers 10 and 11. In the first ancestral generation, the two alleles of each marker locus were sampled according to allele frequencies 0.5, and each of the 200 QTL alleles was assigned a unique number. For each of the subsequent ancestral generations, each of 50 males and 50 females was produced by randomly sampling parents from the previous generation. Among the QTL alleles that were still present in the last (100 th ) generation, the allele with a frequency near the desired value of 0.15 was chosen to be the mutant allele (Q), while all other QTL alleles were assumed to be wild-type (q).
For each pedigree, the founder generation (14 males and 28 females) was randomly sampled from the latest (100 th ) generation of the ancestral population. Nine descendant generations were generated, with parents randomly sampled from the previous generation. Pedigree size ranged from 480 to 510, with each father having two spouses and each full sib family having two children. Phenotypes were simulated as described earlier, and the QTL explained 10% of the trait variance. Fifty pedigrees were generated.
Results for Joint Linkage and Linkage Disequilibrium Mapping
IBD matrices were calculated at 19 putative QTL positions (midpoints of the 19 marker intervals). Figure 4 presents the average logLR profiles over the 50 replicated pedigrees, using the proposed IBD matrix calculation method with three sets of values for control parameters λ, α and s n when incorporating linkage disequilibrium. Figure 4 shows that when λ and α changed from 0.65 and -0.3 to 0.90 and -1.0, and s n increased from 50 to 1,000, the average logLR profile remained essentially unchanged, and each of the average logLR profiles has its peak at the true QTL position of 9.5cM.
Place Figure 4 here. σ , which was overestimated. This overestimation was also reported by GRIGNOLA et al. (1996b) and GEORGE et al. (2000) .
Place Table 5 here.
To evaluate the power of joint LD and linkage mapping using the proposed IBD matrix Table 6 shows that when calculating the IBD matrices with control parameter settings "New1" (λ = 0.65, α = -0.3, and n s = 50) and "New2" (λ = 0.90, α = -1.0, and n s = 50), the results are identical and very similar to those obtained with "New3" (λ = 0.90, α = -1.0, and n s = 1,000). For New1 or New2, with critical value 3.84 (5.99), among the 50 replicates, 44 (40) were found to have a QTL in the chromosomal region, and 34 (30) had the estimated QTL position in the correct marker interval or in the left or right adjacent interval. Similar results can be found for New3.
Place Table 6 here.
The accuracy of QTL identification and estimation achieved with the incorporation of linkage disequilibrium for variance component analysis has been investigated by MEUWISSEN and GODDARD (2000) . Here our goal is to show that their approach for IBD matrix calculation in founders, which assumes known marker haplotypes, can be easily combined with our conditional enumeration method for haplotype reconstruction. The proposed method for calculation of IBD matrices incorporates LD is applicable to the realistic situation of marker haplotype uncertainty in pedigree data.
DISCUSSION
As genetic marker maps continue to become denser and more precise, there is an increasing demand for multipoint QTL analysis of large and complex pedigrees. Exact computations 23 become infeasible, necessitating the use of approximation methods (THOMPSON and HEATH 1999) . The proposed new IBD matrix calculation method is shown to be an efficient approach applicable to larger pedigrees and larger numbers of linked loci than other available methods, while at least maintaining the same QTL mapping accuracy as the MCMC method implemented in Loki. It is based on a conditional enumeration haplotyping method (GAO et al. 2004; GAO and HOESCHELE 2005) , which is more efficient for densely linked markers. The new IBD matrix calculation method uses a subset of haplotype configurations with high likelihoods identified by the enumeration method. It does not have the mixing problem, which often exists in MCMC methods, in particular for very tight linkage (THOMPSON and HEATH 1999) .
The proposed method only uses the informative markers for the individual under consideration and its parents and offspring according to optimal reconstruction orders for the pedigree (GAO et al. 2004; GAO and HOESCHELE 2005) and is hence not affected by the presence of loops in the pedigree.
When increasing the average relationship/inbreedings coefficient of the pedigree, the sizes of full-sib or half-sib families, the number of linked loci, or the number of alleles per marker locus, the pedigree becomes more informative, and the subset of haplotype configurations with highest likelihoods accounts for a larger percentage of the total probability, this increasing the efficiency of our haplotyping and IBD matrix calculation methods.
The computing time of the new method can be controlled by the values of two threshold parameters (λ and α, which affect the number of enumerated configurations) and the size of the 24 retained subset of haplotype configurations used for IBD matrix calculation, n s . Given a set of values for control parameters λ, α and n s , the computing time of the proposed method depends on how informative the pedigree is. For an IBD matrix at a putative QTL position, the computing time does not always increase much or at all when the number of linked loci or the size of the pedigree increase, because of the larger amount of information in the full-and half-sib families of the pedigree.
In our simulation studies, we found that the estimates of QTL position and variance components obtained by the proposed IBD matrix calculation method change very little with changes in the settings of the control parameters λ, α and n s (n s ≥ 50). For the types of pedigrees that we simulated (full sib families with two or three children, each father having two spouses, and bi-allelic marker loci), increasing n s beyond the value of 50, while leaving λ and α constant, did not noticeably change the estimates of QTL position and variance components; for the same value of n s , increasing the absolute values of λ and α at most slightly improved estimation accuracy, but at the cost of a substantial increase in computing time. This robustness of the estimates is expected to be true for general pedigrees, in particular for more informative pedigree structures with larger full-or half-sib families, more spouses per parent, larger numbers of linked loci, or more alleles per locus. Consequently, analysis of quite large pedigrees with large numbers of dense markers should be feasible by selecting settings of the control parameters λ, α, and n s with low absolute values that provide computational efficiency while maintaining sufficient power and accuracy of QTL inference. It is advisable to run a QTL analysis with at least two different settings of the control parameters to verify robustness in each application.
In the linkage analysis of simulated pedigrees with inter-marker distance of 5cM ( Figure 1 , Table 1 ), when λ, α, and n s had low absolute values (λ = 0.65, α = -0.3, and n s =50), i.e. values yielding high computational efficiency, the estimates and their accuracies obtained with our proposed method were essentially identical to those obtained by computing the IBD matrix with the MCMC algorithm implemented in Loki (100,000 iterations), while the computing time of the new method was much shorter (see Table 2 ). Using the MCMC method in Loki, if the number of iterations is too small, then it is more likely that the estimates of the IBD matrices will be singular. When the pedigree size or the number of linked markers increases, more iterations are often needed to avoid obtaining too many singular IBD matrices. The MCMC method may therefore become computationally infeasible for large pedigrees and large numbers of linked loci.
Pong-Wong
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When inter-marker distances are 1cM or less and for pedigrees that are not very informative (i.e. lack sufficient numbers of recombination events), the estimates of the IBD matrices at some putative QTL positions may be singular (not often). Increasing the number of linked loci may decrease the probability of obtaining a singular IBD matrix. In addition, the IBD matrices at marker loci may be singular (GEORGE et al. 2000) . In this study, putative QTL positions were chosen not to coincide with marker locations. For the singular IBD matrices, an algorithm not requiring inversion of the IBD matrices can be used for restricted maximum likelihood (REML)
estimation (VISSCHER et al. 1999; GEORGE et al. 2000) , however this algorithm is always computationally more intensive than algorithms using inverses of IBD matrices, such as the algorithm implemented in ASReml.
In the proposed method an IBD matrix is estimated by a weighed average of IBD matrices conditional on a subset of haplotype configurations with high likelihoods, while in the MCMC method in Loki it is estimated by an arithmetic average of IBD matrices conditional on a set of inheritance vectors or sets of segregation indicators (THOMPSON and HEATH 1999) . For the situation investigated here with unordered genotypes known for each individual and all marker loci (no missing data case), the size of the subset of configurations in the proposed method can be quite small (50 for pedigrees with 500 to 1,000 individuals) without compromising QTL mapping accuracy. Because of homozygous genotypes in the pedigree, a haplotype configuration is often consistent with multiple inheritance vectors or sets of segregation indicators used by the MCMC method in Loki, and many of these inheritance vectors have the same likelihood as the haplotype configuration. This might be one of the reasons why the proposed method using a subset of as little as 50 haplotype configurations produces QTL mapping results that are 27 essentially identical to those obtained by computing the IBD matrix using the MCMC algorithm in Loki with 100,000 iterations.
In the present study, we assumed that all individuals in a pedigree were genotypes at all markers. Work is underway to extend our method to situations with substantial amounts of missing marker data.
The IBD matrix calculation method presented in this paper was implemented in a C++ program, which is available upon request from the first author for academic research. b New1 (New2) denotes using the proposed method with λ = 0.65, α = -0.3, and n s = 50 (λ = 0.90, α = -1.0, and n s = 50); see main text for explanation of these control parameters.
c Standard Deviation of the estimates over 50 replicates.
d Mean Square Error of the estimates over 50 replicates. a New1 (New2) denotes using the proposed method with λ = 0.65, α = -0.3, and n s = 50 (λ = 0.90, α = -1.0, and n s = 50). 
